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Liouville-Lifshitz theory in 3 + 1 dimensions
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We consider a four-dimensional theory in the z = 3 Lifshitz context, with an exponential (Liouville)
potential. We determine the exact renormalized potential of the theory and derive the nonperturbative
relation between the renormalized and bare couplings. In addition, we show that Lorentz symmetry is
naturally generated by quantum fluctuations in the infrared regime, and conclude that the model can be

relevant to high energy physics.
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I. INTRODUCTION

Recently, quantum field theories in the Lifshitz context
have attracted attention, exhibiting interesting renormal-
ization properties [1]. Lifshitz-type models are based on an
anisotropy between space and time directions, which is
characterized by the dynamical critical exponent z, deter-
mining the properties of space-time coordinates under
scale transformations: ¢t — b*t and x — bx. For z > 1 the
higher powers of momentum in the propagators lower the
superficial degree of divergence of graphs, yielding the
renormalizability of new interactions, such as the four-
fermion interaction [2]. Also, divergences of renormaliz-
able interactions in the standard model become softer [3]
as, for example, in the Yukawa model [4], where only
logarithmic divergences appear.

While absent from the classical action, Lorentz symme-
try is naturally generated in Lifshitz-type models through
quantum corrections, since the corresponding kinetic term
is a relevant operator and dominates the dispersion relation
of the modes in the infrared regime (IR). Note, however,
that recovering the speed of light, in theories with more
than one species of interacting fields, requires fine-tuning
of bare parameters [5].

In the context of Lifshitz-type models, the scalar field
has dimensionality [¢] = (D — z)/2, such that for D = z
it is dimensionless. As a consequence, any power ¢"
represents a classically marginal operator. This is also the
case of Liouville theory, in 1 + 1 dimensions, where the
potential is u”exp(g¢). It is known that, after quantiza-
tion, the potential maintains its exponential form, with
renormalized parameters u, and g,. In this theory, the
renormalized coupling g, receives finite corrections and
its exact relation to the bare coupling g is known [6,7]. We
show in this paper that these results hold for the 3 + 1
dimensional Liouville potential in the z = 3 Lifshitz the-
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ory. Our proof is based on both exact functional properties
and the complete resummation of diverging graphs. Note
that this approach offers an independent derivation for the
known results of the 1 + 1 dimensional Liouville theory.

The outline of the paper is the following. In Sec. IT we
present the classical model and its quantization via path
integral. The exact functional form of the renormalized
potential is derived in Sec. III. As an illustration, we
calculate the one-loop renormalized mass in Sec.IV, where
we also show that the Lorentz-restoring kinetic term is
generated in the quantum theory.

II. LIOUVILLE-LIFSHITZ MODEL

A. Classical action

The Liouville-Lifshitz model for D = z = 3 is defined
by the classical action,

6
S, = fdtd%(%(d))z - %a"d)Azakqﬁ - %eé"f’), (D

where [¢] =[g] =0 and [u] = 1. From naive power
counting, the theory is expected to be renormalizable. An
essential property of the model (1) is the following: a
constant shift in the field ¢(x) — ¢(x) + 7 is equivalent
to a redefinition of the only dimensionful parameter as

po — [0 = poesn, )

and we will show how this property enables us to determine
exactly the functional form of the renormalized potential of
the theory. Because of the higher order spatial derivatives
in the classical action, the propagator to be used in the
diagrammatic analysis is

i
2)3

Glw,p) = 3)

w? — (p?)? — ub +ig’

as determined by the quadratic part of the action (1).
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B. Path integral quantization
The path integral for the model (1) is

2,01 = [ Digless(is,[01+ i [ j) = expliW, LD,
4

where j is the source and Wu[ j] is the connected graphs
generating functional. The classical field is then defined as

SW,lJ]
8j(x)

Shifting the field by a constant ¢(x) — ¢(x) + 7 in the
path integral (4) leads to

¢cl(x) =

(&)

WL = WaLil + f jm ©)

from which a functional derivative with respect to j(x)
gives

¢cl(x) = ¢cl(x) - @)

where ¢ (x) is the classical field calculated with the
parameter & defined by Eq. (2). If we are interested in
the effective potential only, it is enough to consider a
constant source j, from which the corresponding constant
classical fields are denoted ¢ and ¢, for the parameters u
and /i, respectively, such that ¢y = ¢, — 7. The partition
function, regularized by the cut off A, is then

z,li) = exp(i [ U0 + i [ok)  ®)

where U(¢g), depending on A, is the effective potential,
defined as the derivative independent part of the proper
graphs generating functional. The latter is the Legendre
transform of W[j,], where j, has to be understood as a
function of the classical field ¢. The cut off dependence
will be taken into account through the dimensionless pa-
rameter ¢ = In(2'/3A /), where, for convenience, the fac-
tor 2!/3 has been absorbed in the logarithm [see the origin
of this factor in Eq. (18)]. It is then easy to see that the
properties (6) and (7) lead to the exact identity

U(ﬂy f» ¢ZO) = U(/.L, t) ¢O)) (9)
where
1/3
f=1n<2 ~A)=t—ﬁ, (10)
a 6

and the dependence on g is understood on both sides of
Eq. (9).

As a consequence, the effective potential U must be a
function of invariant combinations of w, t, ¢, as these
parameters change to i, 7, ¢~>0, and the only possibility is
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o)}

U="E cstp(r), (1
8

where F is a function of z = g, — 6¢ (F can also depend
on g, independently of z). Also, the invariance expressed in
Eq. (9) leads to

0 (dU(ﬁ, 2 dSO))n_O

dn
B <6U aa® oU of LU ad§0>
ot am 97 I ady, IM/)y=o
u g..
=gu®——-U-U, 12
gM 5uS 6 (12)

where a prime denotes a derivative with respect to ¢, and a
dot denotes a derivative with respect to ¢. Together with
Eq. (11) we obtain

U =gU—%U. (13)
As will be seen in the next section, the partial differential
equation (13) will lead us to the exact field dependence of
the effective potential U, in the limit where ¢t — oo.

C. Loop expansion

Quantum corrections to the potential are calculable in
the loop expansion by standard methods [8] by summing
all the vacuum diagrams of the theory, leading to an
expansion of F(z) in . We show here that the loop expan-
sion is simultaneously an expansion in g2. The perturbative
treatment of the model requires the expansion of the po-
tential in power series of the coupling g and therefore
generates an infinite series of vertices. Besides the tadpole
u®@ /g and the mass term u?¢? /2, n-point vertices vy, are
generated by the expansion of the exponential

Yo =n¢"%  n=3 (14)

The number L of loops of a given vacuum graph is related
to the number P of propagators and the number V of
vertices by

L=P—-V+1. (15)

If V,, denotes the number of vertices with n = 3 legs, we
have

N
and Y nV,=2P, (16)

N
v=>v,
n=3 n=3

where N is the highest number of legs joining at the same
vertex, in the specific graph which is considered. Since a
vertex with n legs is proportional to g" 2, the vacuum
graph is proportional to a power of g equal to

N
-2V, =2P-2V=2L-2 (17)

n=3
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Hence, if we consider the factor g2 in Eq. (11), one can
see that a L-loop graph in the expansion of the potential U
is proportional to (g?)": the expansion in  is equivalent to

an expansion in g°.

III. EXACT RENORMALIZED POTENTIAL

A. Diagrammatic analysis and counterterms

By power counting, one can see that the only source of
divergence in this model is a loop made of one propagator
only, that we denote 1PL for “one propagator loop,” and
which is equal to

c j‘+°° dw i
P ) e 2m (277')3 2—pb— ub
d? 1 1 A3
= p3 =—— sinh"(—3>
2) Qm)y Jpb+ pf 127 o
1 A3 t
~——In(2 =, 18
1272 n( ,u3) 4772 (8)

The “1PL” loop may appear a multitude of times adjacent
to a n-point vertex (see Fig. 1), in fact up to k times as long
as 2k = n. A n-point vertex will be responsible therefore
for divergences coming from the appearance of k 1PL
loops, for k = [5].
We now derive the structure of the counterterms of the
theory, using a proof by induction.
(1) One-loop.
Counting the number of ways to stick one 1PL to a
n-point vertex, the one-loop divergence correspond-
ing to a n-point function is

ule"? n(n — 1)

(1) _—
Cy = CipL,
l 5 IPL

19)

and the summation over the vertices in the corre-
sponding effective potential gives

n-2 n-2k n-2k

(a) (b) ()

FIG. 1. Diagrams contributing to infinities in the Liouville
theory from the n-point vertex: (a) one-loop infinity renormal-
ized by an (n — 2)-point counterterm. (b) k-loop infinity renor-
malized by the (n — 2k)-point countertem, (c)

(ii)

(iii)
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5ot - S0

=2

6
= M_teg¢0
87

ClPL d)

(20)

In order to cure this divergence, in the minimal
substraction scheme, we add the one-loop counter-
term to the bare mass parameter u® — u® + 8 ,u,?l),

with

2
681

e 1)

6 — _
Spgy = —m

k-loops.

A k-loop diagram contains at most k 1PLs, and those
containing less than k 1PLs are cured by the (k —
1)-loop counterterms. As a consequence, the new
divergence appearing at k loops is carried by graphs
where all the 1PLs are stuck at the same vertex. Such
a n-point vertex [see Fig. 1(b)] contributes with a
divergence

W — wle" 2nn—1)n—2)...(n — 2k + 1)
" 2Kk
X (Crp)-. (22)

The summation of the dominant divergences over the
vertices n contributes to the corresponding effective
potential

Z C(k) n 2k —

i pog" l(clPL)" n—2k
Sn=20k\ 2 )7

6 2
£\k
- (8_2) o8d0.
g k! \8m
In order to cure this divergence, in a minimal sub-

straction scheme, we add the k-loop counterterm to
the (k — 1)-loop mass parameter 1“(6k—1) — I“(6k—1) +

6 .
1) My with
(g t)
k82
Complete resummation

The complete cancellation of infinities requires
therefore the introduction of the unique counterterm
(up to finite terms)

="1|1—¢e = &d’()’
g g’ sa2) I

(25)

where the factor 7 is explicitly written to emphasize
that the loop expansion is also an expansion in g2.
We conclude that all the divergences are contained in

(23)

oufy - a4
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the mass parameter of the model, and that the cou-
pling g receives finite quantum corrections, which
we now calculate.

B. Renormalized coupling and mass parameter

We write the effective potential as the sum of the con-
tributions U® from each loop order k:

U= Upye + 3. UP, (26)
k=1
where the bare potential is Upye = U, and U® is a
polynomial of ¢:

k
U =3 (o). 27
=0

Although it is not possible to know exactly all the coef-

ficients a( ), we know the dominant divergence a( )k from
the previous discussion, and one can write for k = 1,

W= M (81N e 1
l]=2H%—%ﬁm+OOﬂ 28)
where the orders O(t~') also depend on ¢. As a conse-
quence, we have for k = 1,

B S ko] (29)

U(k) _
872 6@’)

Taking into account U0 = Ub = (), the summation over

the loops gives

U=_Ul+ 00 ) (30)
8w
Substituting this result in Eq. (13) leads to
&
(HJS)Uzﬂm+@0ﬂ 31)
which integrates as
U = C(1)exp(g,po)l1 + O™ )] (32)
where C(z) does not depend on ¢ and
—o(14-5)" 33
& = g( 48772) . (33)

This relation between g, and g is exact, and gives the field
dependence of the renormalized potential. In order to
completely determine the latter, one still needs to specify
the renormalized mass parameter w®. This is done by
following the usual procedure, which consists in adding
the counterterm (25) to the bare potential:

6 hg’t
Upare + Uyy = “—2(2 - exp<g—2))e8¢o, (34)
g 8

and, loop after loop, removing divergences perturbatively
in order to obtain the (finite) renormalized potential U, =
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Aexp(g,d) in the limit t — oo. The constant A can be
determined in perturbation theory only, since it contains all
the finite graphs of the theory. Idenufylng A with u®/g?
defines the renormalized mass parameter u®, such that the
renormalized potential is ﬁnally

Ur = ? Xp(grd)) (35)

Note that, in general, u® depends on the substraction
scheme, and is fixed here by the minimal substraction
scheme in which the counterterm is given by Eq. (25). In
the next section, we will explicitly calculate the one-loop
renormalized mass parameter in this scheme.

IV. ONE-LOOP THEORY

In this section, we first illustrate the result (35) with the
explicit calculation of the one-loop effective potential,
which determines the one-loop renormalized mass parame-
ter u8. We then calculate the one-loop kinetic term qua-
dratic in derivatives, showing the restoration of Lorentz
symmetry in the IR of the quantum theory.

A. One-loop effective potential
The one-loop effective potential is
do d’p
27 27)3

6 1
U(l) — eg<150 + =
ra 2

2 + 2\3 + 6,800
X 1n("’ o)+ et ) (36)
o’ +(p?) +u
and it is easy to calculate its field derivative
aU(l) ,LL6 g¢0 n M6g68¢0
d o 8
2d
,[ pf 2+ pb + ubesdo
65080 3
= 'u;egdm + ,ugegzosinh1<A)
g 241 w3 esbo/2
6 6508%0
B st B (1 E80) 4 o/,
g 8 6
(37)

such that, ignoring terms vanishing in the limit A — oo,
2

1
v = '; egd’o{l + %(z - ‘%O + 6)}' (38)

The field dependence in the expression (38) can be written
g g 4
68%(1 Ty ¢0) = exp{(g - W)d’o} + 0(g%),
(39)

which corresponds to the one-loop approximation of the
renormalized coupling in Eq. (33), since
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g2 ),1 . g3
48772 4872

g = g(l + +0(g°). (40

As far as the one-loop renormalized mass is concerned,
from Eq. (38) one can see that the addition of the one-loop

counterterm UV = g_zé,u(él) exp(gd,), where 6,u(61) is
given in Eq. (21), leads to the definition

6 6 2
Mr _ M 8 2
= ==1+ + O(g?), 41
.2 g2< 48772) (&) 41)
such that
6 6 82 4
= u1 - + O(g"), 42
ME = p ( 48772) (g%) (42)

where the relation (40) was used.

B. Lorentz symmetry restoration

Finally, we calculate the one-loop kinetic term 9¥¢ 9, ¢
generated by quantum fluctuations, such that the IR effec-
tive theory exhibits Lorentz symmetry:

Sar = [ain( 27 - Lt o,

WS
BT e (9(34)), @3)
8r
where ¢, = O(h) and ¢, = O(h) are generated dynami-
cally. The one-loop Feynman graph responsible for the
generation of this kinetic term arises from the insertion
of two three-point vertices in the propagator (the interac-
tion u2g¢? in the Liouville potential). Indeed, the tadpole
1l /g and the interaction u%g?¢* give corrections inde-
pendent of the external momentum k, and renormalize the
mass only. Also, the higher orders u®g" 2¢" do not con-
tribute at one-loop. This graph is

(—igu®)? [do d'p i
2 J 272w 0P = (p?) - ul e
% i
(w+ ) —((p+k)?)>—ud+ie

(44)

The contribution proportional to v? is (after a Wick rota-
tion)

02,12 .2
= 5 faoo
n 4w’ v? )
(@ + (07 + u)
_ _ig2,u12 sz p2dp _ ¢ "
647? (p° + u)3/2 2887
(45)

and the contribution proportional to k? is
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-2 12 _7( 2)2k2
ittt = [ e P
R Yo ) R A (P e e
36(p?)*(p - k)? )
@ + (02 + 1O

B 21i82M12 ) pédp
- 64772 (p° + #6)5/2
15ig2/.L12 5 p12dp
3277.2 (P6 + M6)7/2
3¢
= ﬂmﬂ«”& (46)

where

o Tu® — 3yl? 4
I = d = I'(4/3)I'(13/6) =~ 0.242.
jo o o @/AT3/6)

(47)

We therefore see that the Lorentz symmetric effective
action (43) is indeed generated dynamically by quantum
fluctuations, with  /, = —g?/(2887%) and (=
3g%1/(6472). The dispersion relation for the low momen-
tum modes reads

@r=mr+ >+ O u?), (48)

where frequency and momentum are appropriately re-
scaled as

w
%) :72‘\’] +§0,

M M
(49)

Hence, Lorentz violating effects are suppressed in the IR
by powers of (k/u)>.

V. CONCLUSIONS

In this work, we studied a renormalizable Lifshitz-type
model with the Liouville potential, in 3 + 1 dimensions,
and we demonstrated that the exponential form of the
potential does not change after quantization. An important
result is the exact relation (33) between the bare and
renormalized couplings, which can also be written in the
form

g g 487

11
+_8 (50)

This result is similar to the one obtained in the 1 + 1
dimensional Liouville theory [6,7], where the factor
487 is replaced by 8. Furthermore, the steps in our
derivation of the renormalized potential can be repeated
exactly for the 1 + 1 dimensional Liouville theory. The
possibility to obtain the above features arises from the use
of exact functional properties and the complete resumma-
tion of graphs, which is specific to the exponential form of
the Liouville potential.
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In addition to the knowledge of the exact renormalized
coupling, the IR regime of the quantum theory exhibits
Lorentz symmetry, with a relativistic dispersion relation
induced dynamically. An open question concerns the pos-
sibility to have exact results for the different kinetic terms
of the renormalized theory, beyond one-loop. Such a study
has been done in [9] for the 1 + 1 dimensional Liouville
theory, where it is shown, in the framework of a gradient
expansion valid to all loop orders, that the wave function
renormalization vanishes. A similar study in the Lifshitz
context might also lead us to interesting properties, and this
is left for a future work.

An interesting possibility is to study the Liouville-
Lifshitz model in curved space-time, in the context of
Horava-Lifshitz gravity [10]. This can address a variety
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of cosmological questions [11], in particular, in the frame-
work of quintessence models, where the exponential po-
tential was first studied in [12].

Finally, the lack of a translationally invariant ground
state for the quantum Liouville field theory [6] motivates
the extention of our study to potentials which involve more
than one exponential, where a ground state can exist.
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